Colorectal cancer afflicts ∼150,000 Americans, and one million people worldwide, annually ([@bib9]). Significant progress has been made in understanding its molecular carcinogenesis and in early detection. Surgery, chemotherapy, and radiation have remained the mainstays of therapy. Unfortunately, colorectal cancer remains the second leading cause of death from cancer in the United States, and patient survival has improved only modestly during the past two decades. Therefore, further investigations in novel therapies such as immunotherapy are warranted.

Both NK and cytotoxic T cells express the NKG2D receptor that can recognize NKG2D ligands (NKG2DLs; MICA/B and ULBP1-6) on tumor cells ([@bib20]; [@bib10]). Although the molecular mechanism that regulates NKG2DL expression is not clear, a variety of stimuli, such as oxidation, heat shock, and DNA damage, which induce cell stress and tumor transformation, have been shown to selectively up-regulate NKG2DL expression ([@bib21]; [@bib61]; [@bib19]). During tumor progression, however, most tumor cells eventually acquire various mechanisms, such as ligand shedding and microRNA expression, which down-regulate the surface expression of NKG2DLs, resulting in immunosurveillance escape ([@bib43]; [@bib52]). In colorectal carcinoma, high expression of NKG2DLs is frequently observed in early stages of tumor development. The ligand expression, however, progressively decreases in later stages of the disease, and the level of expression correlates with patient survival ([@bib35]). Studies are needed to elucidate the mechanism of NKG2DL regulation and to identify therapeutic drugs that can up-regulate their surface expression ([@bib20]).

To this aim, we established a high-throughput compound library screening to identify drug candidates that can up-regulate NKG2DL expression. We found that the aldosterone antagonist spironolactone (SPIR) could up-regulate NKG2DL surface expression on multiple colorectal cancer cells through the activation of ATM--Chk2--mediated checkpoint pathway that greatly enhanced cancer cell susceptibility to NK cell cytolysis. We also found that SPIR enhanced the expression of metastasis-suppressor genes *TIMP2* and *TIMP3*, resulting in a significant reduction of cancer metastasis in animal models. The drug effects were independent of mineralocorticoid receptor (MR) but required the activation of retinoid X receptor γ (RXRγ). Collectively, our findings support the potential use of SPIR or other RXRγ agonists in colorectal cancer.

RESULTS
=======

SPIR up-regulates NKG2DL expression in multiple colorectal carcinoma cell lines
-------------------------------------------------------------------------------

In our high-throughput screening of 5,600 bioactive compounds, the surface expression of an NKG2DL, ULBP2, was significantly increased in 293T cells in the presence of the aldosterone antagonist SPIR (unpublished data). We therefore investigated whether SPIR could increase NKG2DL expression on four representative colorectal carcinoma cell lines (HCT116, HT29, SW480, and HCT15) covering the most common tumorigenic mutations ([Table S1](http://www.jem.org/cgi/content/full/jem.20122292/DC1){#supp1}). Consistent with the screening results in 293T cells, SPIR treatment significantly increased ULBP2 expression in all cancer cell lines ([Fig. 1 A](#fig1){ref-type="fig"}) in a dose-dependent manner without affecting the viability of the cells (not depicted). We also observed a moderate enhancement of MICA/B and ULBP3 expression in all SPIR-treated cells and a selective increase of ULBP1 expression in SW480 and HCT15 cells. Consistent NKG2DL up-regulation was also observed by staining the SPIR-treated colon cancer cell lines with soluble NKG2D-Fc molecules ([Fig. 1 B](#fig1){ref-type="fig"}). However, there was no increase in expression of other NK cell ligands such as DNAM-1 ligands (CD112 and CD155), Fas, and HLAs in SPIR-treated HCT116 cells ([Fig. 1 C](#fig1){ref-type="fig"}), indicating that the up-regulation of NKG2DLs by SPIR was specific. A similar increase in NKG2DL expression was observed upon SPIR treatment in two other colorectal carcinoma cell lines (COLO201 and LS174T) and in other types of human cancer cells, including head and neck squamous cell carcinoma (CAL27), prostate cancer (DU145), hepatocellular carcinoma (HepG2), and rhabdomyosarcoma (RD), but not in normal cells such as peripheral blood mononuclear cells (unpublished data).

![**SPIR up-regulates NKG2DL expression.** (A) Cell surface expression of MICA-B and ULBP1-3 was analyzed by flow cytometry in multiple colon cancer cell lines treated with DMSO (solvent control) or SPIR (56 µM) for 3 d. Data are representative of five independent experiments. (B) NKG2D-Fc staining was performed to evaluate the change of total NKG2DL expression in the colon cancer cell lines upon SPIR treatment. Controls were stained with APC-conjugated anti--human Fc antibody alone without preincubation with NKG2D-Fc. Data are representative of three independent experiments. (C) DNAM1 ligands (CD112 and CD155), Fas, and HLA-ABC surface expressions on HCT16 cells treated with DMSO or SPIR (56 µM) for 3 d were analyzed by flow cytometry. Results are representative of two independent experiments. (D) Shedding of ULBP2 to the culture supernatant from SPIR-treated (56 µM for 3 d) or untreated HCT116 cells was detected by ELISA (*n* = 3). (E) NKG2DL mRNA expression in the colon cancer cell lines was analyzed by qRT-PCR analysis. Data are normalized to GAPDH mRNA levels and are presented as fold change relative to the expression in DMSO-treated cells (*n* = 5). (F) Lentiviral-based luciferase reporter construct containing the putative ULBP2 promoter (--2,415 to 0 bp from the transcription start site: 73 bp upstream of ATG) was transduced into the colon cancer cell lines. Positively transduced cells were selected by puromycin treatment (2 µg/ml) for 2 wk. (G) Luciferase activities of the colon cancer cell lines transfected with the putative ULBP2 promoter construct were determined 3 d after DMSO or SPIR treatment. Data shown are expressed as fold change relative to the luciferase activity observed in DMSO-treated cells (*n* = 3). \*, P \< 0.05; \*\*, P \< 0.01.](JEM_20122292R_Fig1){#fig1}

Ligand shedding mediated by metalloproteinases has been observed in various types of cancer ([@bib58]; [@bib59]). We compared the amount of soluble ULBP2 in the culture supernatant of SPIR-treated or untreated HCT116 cells by ELISA. As shown in [Fig. 1 D](#fig1){ref-type="fig"}, SPIR treatment did not reduce but rather moderately increased the amount of soluble ULBP2 from HCT116 cells. Quantitative real-time polymerase chain reaction (qRT-PCR) assays showed an increase in mRNA levels ([Fig. 1 E](#fig1){ref-type="fig"}) corresponding to the enhanced surface expression of NKG2DLs. We also observed a significant increase in luciferase activity (∼1.5-fold to 3-fold over the solvent control, DMSO treatment) in all SPIR-treated colon cancer cell lines bearing a luciferase reporter construct driven by a putative ULBP2 promoter ([Fig. 1, F and G](#fig1){ref-type="fig"}). Collectively, these data suggest that SPIR up-regulates NKG2DL expression by promoting gene transcription and protein production rather than by inhibiting shedding.

SPIR enhances tumor cell sensitivity to NK cell--mediated cytolysis
-------------------------------------------------------------------

To determine whether the increased expression of NKG2DLs induced by SPIR enhanced tumor cell lysis by NK cells, we evaluated NK cell cytotoxicity to the drug-treated or untreated cells by using the NKG2D-expressing NK cell line NKL ([Fig. 2, A and B](#fig2){ref-type="fig"}) and interleukin-2--activated primary NK cells ([Fig. 2 C](#fig2){ref-type="fig"}). Upon SPIR treatment, the susceptibility of all cell lines to NKL lysis was significantly increased. Similarly, treatment of the HT29 and SW480 cells with SPIR markedly enhanced their susceptibility to primary NK cell--mediated lysis.

![**SPIR enhances tumor cell sensitivity to NK cell killing.** (A) NKL cells express high level of NKG2D but not NKp30 on their cell surface as determined by flow cytometry. Results are representative of two independent experiments. Therefore, the use of anti-NKp30 in NKL killing assay (described in panel F) was considered as a nonspecific IgG blockade relative to anti-NKG2D. (B) NK cell cytotoxicity on the colon cancer cell lines treated with DMSO or SPIR (56 µM) for 3 d was determined by a BATDA release assay using NKL cells as effector cells (*n* = 3). (C) NK cell cytotoxicity on HT29 and SW480 cells treated with DMSO or SPIR (56 µM) for 3 d was determined by a BATDA release assay using IL-2 (10 U/ml)--primed primary NK cells isolated from healthy donors at various E:T ratios (*n* = 3). (D) HCT116 cells transduced with control or a ULBP2-overexpressing lentiviral construct were analyzed by flow cytometry for the surface expression of ULBP2. Results are representative of two independent experiments. (E) NK cell cytotoxicity on the ULBP2-transduced HCT116 cells was determined by a BATDA release assay using NKL cells as effector cells (*n* = 3). (F) DMSO- or SPIR-treated (3 d) HCT116 cells were subjected to a BATDA release assay using NKL cells in the presence or absence of anti-NKp30 or anti-NKG2D antibodies (10 µg/ml; *n* = 3). (G) DMSO- or SPIR-treated (3 d) HCT116 cells were subjected to a BATDA release assay using IL-2 (10 U/ml)-primed primary NK cells isolated from healthy donors at various E:T ratios in the presence or absence of anti-NKp30 or anti-NKG2D antibodies (10 µg/ml; *n* = 3). \*, P \< 0.05; \*\*, P \< 0.005; \*\*\*, P \< 0.0001.](JEM_20122292_Fig2){#fig2}

To verify that the enhancement of tumor cell lysis directly correlated with increased NKG2DL expression, we first overexpressed ULBP2 in HCT116 cells by lentiviral transduction ([Fig. 2 D](#fig2){ref-type="fig"}). As shown in [Fig. 2 E](#fig2){ref-type="fig"}, increased expression of ULBP2 clearly rendered HCT116 cells more susceptible to NKL--mediated lysis. Additionally, the enhancement of NK cell cytotoxicity against SPIR-treated HCT116 cells was completely abolished in the presence of blocking antibodies against NKG2D but not with those against NKp30 (an activating receptor that induces NK cell cytotoxicity independent of NKG2D--NKG2DL interactions ([@bib2]; [Fig. 2, F and G](#fig2){ref-type="fig"}). This result confirmed the direct involvement of NKG2D--NKG2DL interaction in NK-mediated lysis of the SPIR-treated cells.

SPIR exerts antitumor activities in vivo
----------------------------------------

To evaluate the in vivo antitumor efficacy of SPIR, we established a xenograft mouse model (luciferase-expressing HCT116 cells in NOD-SCID γ \[NSG\] mice) and performed bioluminescence imaging to monitor tumor growth. HCT116 cells were injected with or without NKL cells subcutaneously into NSG mice. The mice were untreated or treated with SPIR 2 d after the tumor implantation (twice a week for 2 wk before tumor imaging). As shown in [Fig. 3 A](#fig3){ref-type="fig"}, the treatment with SPIR alone (group B) or NKL alone (group C) did not affect tumor growth in the mice. However, injecting SPIR into the mice bearing NKL cells (group D) suppressed tumor growth considerably. In line with our in vitro data, SPIR injection significantly enhanced ULBP2 expression in the HCT116 xenografts ([Fig. 3 B](#fig3){ref-type="fig"}).

![**SPIR exerts antitumor activities in vivo.** (A) 10^6^ luciferase-expressing HCT116 cells, alone or with 2 × 10^7^ NKL cells, were subcutaneously injected into 8--10-wk-old NSG mice (*n* = 4). 2 d after the cell injection, SPIR (1.25 mg/mouse) or PBS was intraperitoneally injected into the mice twice a week for 2 wk. HCT116 xenograft growth was analyzed by performing bioluminescence imaging on day 15. (B) 10^6^ HCT116 cells were subcutaneously injected into 8--10-wk-old NSG mice. 2 d after the cell injection, SPIR (1.25 mg/mouse) or PBS was intraperitoneally injected into the mice twice a week for 2 wk (*n* = 3 per group). Tumor sections were prepared for ULBP2 immunohistochemical staining on day 15. (C) NKG2D expression on the cell surface of YT-INDY and YT-INDY-NKG2D cells was analyzed by flow cytometry. Results are representative of two independent experiments. (D) 10^6^ luciferase-expressing HCT116 cells were subcutaneously injected into 8--10-wk-old NSG mice with either 10^6^ YT-INDY or YT-INDY-NKG2D cells (*n* = 8 per group). 2 d after the cell injection, SPIR (1.25 mg/mouse) or PBS was intraperitoneally injected into the mice (*n* = 4 per group) twice a week for 2 wk. HCT116 xenograft growth was analyzed by performing bioluminescence imaging on day 15. (E) MICA-B and ULBP1-3 expressions on the cell surface of HCT116 or HCT116-ΔNKG2DLs cells were analyzed by flow cytometry. Results are representative of two independent experiments. (F) 10^6^ luciferase-expressing HCT116 or HCT116-ΔNKG2DLs cells were subcutaneously injected into 8--10-wk-old NSG mice with 10^6^ YT-INDY-NKG2D cells (*n* = 8 per group). 2 d after the cell injection, SPIR (1.25 mg/mouse) or PBS was intraperitoneally injected into the mice (*n* = 4 per group) every other day for three times. HCT116 xenograft growth was analyzed by performing bioluminescence imaging on day 10. (G) 8--10-wk-old NSG mice were intraperitoneally injected with PBS or SPIR (1.25 mg per mouse) twice a week for two weeks (*n* = 10 per group). 1 × 10^6^ each of luciferase-expressing HCT116 cells and YT-INDY-NKG2D were injected subcutaneously into the mice on day 0. HCT116 xenograft growth was analyzed by performing bioluminescence imaging on day 3. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.005; \*\*\*\*, P \< 0.0005.](JEM_20122292_Fig3){#fig3}

To confirm that the in vivo antitumor effect of SPIR depends on the expression of NKG2D in NK cells, we established another HCT116 xenograft model with either NKG2D-negative NK cell line YT-INDY or YT-INDY stably expressing NKG2D (YT-INDY-NKG2D; [Fig. 3 C](#fig3){ref-type="fig"}). As shown in [Fig. 3 D](#fig3){ref-type="fig"}, SPIR treatment did not reduce the HCT116 xenograft growth in YT-INDY--bearing mice. The drug treatment, however, strongly suppressed the tumor growth in the presence of YT-INDY-NKG2D. To further confirm that the in vivo antitumor effect of SPIR also requires the increased surface expression of NKG2DLs in tumor cells, we generated NKG2DL--deficient HCT116 cells (HCT116-ΔNKG2DLs; [Fig. 3 E](#fig3){ref-type="fig"}). As shown in [Fig. 3 F](#fig3){ref-type="fig"}, decreased surface expression of NKG2DLs in HCT116 cells significantly reduced tumor susceptibility to NK cell killing triggered by SPIR in vivo. Collectively, these data suggest that SPIR increases NKG2DL expression in tumor cells in vivo, thereby enhancing NKG2D-dependent tumor control by NK cells. Moreover, pretreating NSG mice with SPIR twice a week for 2 wk before HCT116 and YT-INDY-NKG2D implantation greatly inhibited tumor development ([Fig. 3 G](#fig3){ref-type="fig"}), indicating that SPIR may also serve as a cancer prevention drug.

To further explore the potential of SPIR in colon cancer prevention and therapy in vivo, we studied the C57BL/6J-*Apc^Min^*/J mice, an APC-mutated strain that is highly susceptible to spontaneous intestinal neoplasia formation ([@bib54]). For cancer prevention, we treated 8-wk-old C57BL/6J-*Apc^Min^*/J mice, in which polyp development has not yet started (unpublished data) with SPIR twice a week for 3 mo. Intestines were collected from the mice for polyp counting and immunohistochemistry ([Fig. 4, A and B](#fig4){ref-type="fig"}). The number of polyps formed in SPIR-treated mice was significantly less than that in untreated mice. We then collected the polyp samples from SPIR-treated or untreated mice to prepare cDNA for qRT-PCR. As shown in [Fig. 4 C](#fig4){ref-type="fig"}, SPIR treatment significantly increased the expression of the Raet1 ligand in the polyps (either Raet1d or Raet1e in the B6 mouse background; [@bib38]), showing SPIR-mediated NKG2DL up-regulation similar to that observed in the previous human xenograft models. To further explore the therapeutic potential of SPIR in this model, 4-mo-old C57BL/6J-*Apc^Min^*/J mice that had already developed intestinal polyps ([Fig. 4 D](#fig4){ref-type="fig"}) were treated with SPIR twice a week for 3 wk. A significant reduction of the number of polyps was observed in SPIR-treated mice compared with the untreated controls ([Fig. 4 E](#fig4){ref-type="fig"}). These findings support the use of SPIR in both colon cancer prevention and treatment.

![**SPIR treatment demonstrates both preventive and therapeutic potential in C57BL/6J-*Apc^Min/J^* Mouse model.** (A) 8-wk-old C57BL/6J-*Apc^Min^*/J mice were given intraperitoneal injections of PBS (*n* = 7) or SPIR (*n* = 6) twice a week for 3 mo. The number of spontaneous intestinal polyps (arrows) was counted and compared between the two groups of mice at the end of the 3 mo period. (B) The difference in adenoma growth (arrows) between the PBS- and SPIR-treated mouse groups was confirmed in intestine tissue sections. (C) Polyp samples were collected from C57BL/6J-*Apc^Min^*/J mice given intraperitoneal injections of PBS or SPIR (*n* = 3 per group) twice a week for two months. Total RNA were collected for cDNA preparation and the expressions of the mouse NKG2D ligands Raet1 family were analyzed by qRT-PCR. (D) Representative appearances of small intestine of 4-mo old C57BL/6 (no intestinal polyp) and C57BL/6J-*Apc^Min/J^* (displayed obvious polyps - arrows) mice were shown (*n* = 2). (E) Four month-old C57BL/6J-*Apc^Min/J^* mice were given intraperitoneal injections of PBS or SPIR (1.25 mg per mouse; *n* = 5 per group) twice a week for 3 wk. The number of spontaneous intestinal polyps (arrows) was counted and compared between the two groups of mice. \*, P ≤ 0.05, \*\*, P ≤ 0.01, \*\*\*, P \< 0.005.](JEM_20122292_Fig4){#fig4}

The up-regulation of NKG2DL expression by SPIR is independent of the MR pathway
-------------------------------------------------------------------------------

SPIR has long been clinically used as an aldosterone antagonist, competing with aldosterone for interaction with mineralocorticoid receptor (MR; [@bib53]). Using MR expression in 293T cells as a relative standard, we found that both mRNA and protein levels of MR were significantly lower in all the colon cancer cell lines and in CAL27 cells ([Fig. S1, A and B](http://www.jem.org/cgi/content/full/jem.20122292/DC1){#supp2}). Additionally, shRNA knockdown of MR in 293T cells did not affect the up-regulation of ULBP2 upon SPIR treatment (Fig. S1, C and D). Treating HCT116 cells with two other potent MR antagonists, canrenone and eplerenone, did not reproduce the phenotypes of enhanced expression of NKG2DL upon SPIR treatment ([Fig. 5 A](#fig5){ref-type="fig"}), confirming that MR is not involved in SPIR's mechanism of action.

![**SPIR exerts its effects on colon cancer through the activation of RXRγ but not MR.** (A) NKG2DL surface expression was analyzed in HCT116 cells cultured with DMSO, canrenone, or eplerenone for 3 d. Data shown are representative of three independent experiments. (B) NKG2DL expression in control, MR, GR, AR, PR and RXRγ knockdown HCT116 cells was compared after DMSO or SPIR treatment (3 d) by NKG2D-Fc staining. Data shown are representative of three independent experiments. (C) The protein level of RXRγ was compared between control and RXRγ-KD1 HCT116 cells by Western blot analysis. Data shown are representative of two independent experiments. (D) The mRNA expression of RXRγ in the carcinoma cell lines was confirmed by using qRT-PCR assays. Data are presented as fold differences relative to the mRNA expression in HCT116 cells (*n* = 2). (E) NKG2DL expression was analyzed in HCT116 cells treated for 3 d with SPIR (56 µM), HX531 (10 µM), or both. Data shown are representative of three independent experiments. (F) Luciferase activity was measured in HCT116 cells transfected with an RXRγ-responsive luciferase construct after DMSO or SPIR treatment for 24 h (*n* = 3). (G) The protein expression of RXRγ was compared between DMSO- and SPIR-treated HCT116 cells. Data shown are representative of three independent experiments. (H) HCT116 cells were transfected with control KD or RXRγ-KD1 siRNA on day 0. The cells were treated with DMSO or SPIR (56 µM) on day 2. NK cell cytotoxicity on the tumor cells was determined by a BATDA release assay on day 5 using IL-2 (10 U/ml)--primed primary NK cells isolated from healthy donors at various E:T ratios (*n* = 3). (I) Luciferase-expressing HCT116 cells were transfected with either control-KD or RXRγ-KD1 siRNA on day 0. The transfected cells were collected on the next day to inject (10^6^ cells/mouse) subcutaneously into 8--10-wk-old NSG mice with 10^6^ YT-INDY-NKG2D cells (*n* = 8 per group). 2 d after the cell injection, SPIR (1.25 mg/mouse) or PBS was intraperitoneally injected into the mice (*n* = 4 per group) every other day, three times. HCT116 xenograft growth was analyzed by performing bioluminescence imaging on day 10. \*, P \< 0.05; \*\*, P \< 0.0001.](JEM_20122292_Fig5){#fig5}

SPIR acts as an RXRγ agonist for the up-regulation of NKG2DL expression and enhancement of tumor susceptibility to NK cytolysis
-------------------------------------------------------------------------------------------------------------------------------

To identify the nuclear hormone receptor (NHR) responsible for the effect of SPIR, we used a siRNA library (3 specific siRNAs per target gene) to target 47 NHRs in HCT116 cells. Consistent with our previous results (Fig. S1, C and D), specific knockdown of MR did not affect NKG2DL up-regulation in HCT116 cells by SPIR ([Fig. 5 B](#fig5){ref-type="fig"}). Although SPIR is also known to interact with glucocorticoid receptor (GR), androgen receptor (AR), and progesterone receptor (PR; [@bib60]), none of the siRNAs targeting these NHRs affected the SPIR-mediated NKG2DL up-regulation. In contrast, five different siRNAs (three from the library and two added for validation) specifically knocked down the expression of RXRγ ([@bib12]; [Fig. 5 C](#fig5){ref-type="fig"}) and significantly reduced SPIR's up-regulation of NKG2DLs ([Fig. 5 B](#fig5){ref-type="fig"} and not depicted). Consistent with previous studies, RXRγ was constitutively expressed in HCT116 cells ([Fig. 5 C](#fig5){ref-type="fig"}; [@bib39]). We also observed expression of RXRγ mRNA in all other cell lines tested ([Fig. 5 D](#fig5){ref-type="fig"}).

To further support the hypothesis that RXRγ is directly responsible for SPIR's effect, we co-treated HCT116 cells with SPIR and HX531, a specific RXR antagonist ([@bib25]). In line with the siRNA-knockdown results, HX531 treatment significantly reduced SPIR's up-regulation of NKG2DLs ([Fig. 5 E](#fig5){ref-type="fig"}). We next transfected HCT116 cells with an RXRγ-responsive luciferase construct. Upon SPIR treatment, luciferase activity was significantly increased ([Fig. 5 F](#fig5){ref-type="fig"}), but the RXRγ protein level did not change ([Fig. 5 G](#fig5){ref-type="fig"}). In addition, specific knockdown of RXRγ in HCT116 cells significantly reduced the SPIR-mediated enhancement of tumor susceptibility to NK cytolysis both in vitro ([Fig. 5 H](#fig5){ref-type="fig"}) and in vivo ([Fig. 5 I](#fig5){ref-type="fig"}). These findings suggest that SPIR functions as an RXRγ agonist and confirm the absolute requirement of RXRγ for the antitumor effect of SPIR. Surprisingly, by treating HCT116 cells with 9-cis-retinoic acid (9-cis-RA), a high-affinity ligand of RXRs, we observed a decrease rather than an increase in NKG2DL expression ([Fig. 6 A](#fig6){ref-type="fig"}). In fact, from the results of our NHR siRNA library screening, we found that, although specific knockdown of another RXR family member, RXRα, did not affect the potential of SPIR in up-regulating NKG2DL expression in HCT116 cells ([Fig. 6 B](#fig6){ref-type="fig"}), the gene knockdown by itself without any drug treatment resulted in an increase of NKG2DL expression ([Fig. 6, C and D](#fig6){ref-type="fig"}). Moreover, with the silencing of RXRα (but not RXRβ or RXRγ), the effect of 9-cis-RA in reducing NKG2DL expression in HCT116 cells was abolished ([Fig. 6 E](#fig6){ref-type="fig"}). These results implicated that the activation of RXRα conversely inhibits NKG2DL expression, underscoring the complexity of the RXR family in the regulation of NKG2DLs.

![**9-cis-RA treatment reduces NKG2DL expression, whereas specific siRNA knockdown of RXRα up-regulates NKG2DL expression.** (A) Total NKG2DL expression was analyzed in HCT116 cells treated with DMSO or 9-cis-RA (40 µM) for 3 d by flow cytometry. Results are representative of three independent experiments. (B) HCT116 cells were transfected with control-KD or RXRα-KD siRNAs 48 h before treatment with DMSO or SPIR (56 µM). The expression of total NKG2DLs was analyzed by flow cytometry 3 d after the drug treatment. Results are representative of three independent experiments. (C) Total NKG2DL expression was analyzed in HCT116 cells 48 h after transfected with specific siRNAs targeting RXRα, RXRβ, or RXRγ. Results are representative of three independent experiments. (D) MICA-B and ULBP1-3 expression were analyzed in HCT116 cells transfected with control-KD or RXRα-KD siRNAs after DMSO or SPIR treatment for 3 d. Results are representative of three independent experiments. (E) HCT116 cells were transfected with control, RXRα-, RXRβ-, or RXRγ-specific siRNAs 48 h before treatment with DMSO or 9-cis-RA (40 µM). The expression of total NKG2DLs was analyzed by flow cytometry 3 d after the drug treatment. Results are representative of three independent experiments.](JEM_20122292_Fig6){#fig6}

SPIR-augmented NKG2DL expression depends on the ATM--Chk2 checkpoint pathway
----------------------------------------------------------------------------

We next investigated how SPIR--RXRγ signaling regulated the transcription of NKG2DLs. Previous studies have shown that histone deacetylase (HDAC) inhibitors such as sodium valproate can enhance the transcription of MICA/B in various cell lines ([@bib3]; [@bib13]), and HDAC3 specifically represses ULBP1-3 expression in epithelial tumor cells ([@bib32]). However, SPIR treatment did not inhibit HDAC activities in SW480 or HCT116 cells, and there was no significant change in the mRNA expression of HDAC3 after SPIR treatment (unpublished data), suggesting that SPIR-RXRγ induction of NKG2DL transcription is independent of HDAC.

The DNA damage checkpoint pathway initiated by ATM--ATR kinases may regulate NKG2DL expression ([@bib19]; [@bib51]). Here, we observed that SPIR treatment induced ATM and ATR phosphorylation ([Fig. 7 A](#fig7){ref-type="fig"}) in a time-dependent manner that preceded the increase in ULBP2 protein expression ([Fig. 7 B](#fig7){ref-type="fig"}). To further examine the downstream signaling through ATM--ATR kinases, we performed ELISAs and found that SPIR-treated HCT116 cells showed a time-dependent increase of Ser-317 phosphorylation of Chk1 (P-Chk1; [Fig. 7 C](#fig7){ref-type="fig"}) but not the total protein level ([Fig. 7 D](#fig7){ref-type="fig"}). By Western blot analysis, we also detected an increase in the amount of phosphorylated Chk2 and H2A.X downstream of the ATM--ATR pathway upon SPIR treatment of HCT116 cells ([Fig. 7 E](#fig7){ref-type="fig"}). Moreover, in the presence of ATM--ATR inhibitors such as caffeine or wortmannin, SPIR's effect on NKG2DL expression was completely abolished in HCT116 ([Fig. 7 F](#fig7){ref-type="fig"}) and SW480 cells (not depicted). To further confirm that ATM and ATR played a role in SPIR-mediated NKG2DL up-regulation, we treated HCT116 cells with SPIR together with either an ATM-specific inhibitor, KU55933, or a selective ATR inhibitor, VE-821. Consistent with the aforementioned ATM--ATR inhibitor treatments, treatment with 10 µM KU55933 completely abolished the up-regulation of NKG2DLs induced by SPIR. On the contrary, treatment with 10 µM VE-821 only partially reduced the effect of SPIR in NKG2DL expression. Increasing the drug concentration to 20 µM did not further affect NKG2DL expression ([Fig. 7 F](#fig7){ref-type="fig"}). Furthermore, specific siRNA knockdown of ATM, Chk2, or H2A.X, but not of ATR or Chk1 ([Fig. 7 G](#fig7){ref-type="fig"}), completely abolished up-regulation of NKG2DL in SPIR-treated HCT116 cells ([Fig. 7 H](#fig7){ref-type="fig"}). Collectively, these results suggest that although SPIR activates both ATM and ATR, the ATM--Chk2, but not the ATR--Chk1 pathway was primarily responsible for the up-regulation of NKG2DLs.

![**The up-regulation of NKG2DLs by SPIR requires activation of the ATM--Chk2 signaling pathway.** HCT116 cells were treated with SPIR (56 µM). Total cell lysates were collected at various time points for Western blot analysis to detect ATM (Ser1981) and ATR (Ser428) phosphorylation (A) and ULBP2 expression (B). Data shown are representative of three independent experiments. (C) HCT116 cells were cultured with SPIR (56 µM). Total cell lysates were prepared at various time points (with the same total protein concentration as determined by BCA protein assay; 0--24 h) for phospho-Chk1 by ELISA. Data were expressed as fold change relative to the degree of Chk1 phosphorylation at 0 h (*n* = 3). (D) The protein level of Chk1 upon SPIR treatment for 24 h was determined by Western blot analysis. Data are representative of three independent experiments. (E) Phosphorylation of Chk2 (Thr68) and histone H2A.X (Ser139) in HCT116 cells treated with DMSO or SPIR for 24 h were determined by Western blot analysis. Data are representative of three independent experiments. (F) NKG2DL expression was analyzed in HCT116 cells treated with SPIR (56 µM), with or without caffeine (1.5 mM), wortmannin (10 µM), KU55933 (10 µM), or VE-821 (10 and 20 µM) for 3 d. Data shown are representative of three independent experiments. (G) The knockdown efficiencies of various siRNAs in HCT116 cells were evaluated by Western blot analysis. Results are representative of three independent experiments. (H) NKG2DL expression was analyzed in HCT116 cells transfected with various siRNAs after DMSO or SPIR treatment for 3 d. Data shown are representative of three independent experiments. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20122292_Fig7){#fig7}

SPIR triggers the ATM--ATR checkpoint pathway without causing DNA damage but requires the activation of RXRγ
------------------------------------------------------------------------------------------------------------

Because SPIR has been used widely in the clinic without evidence of inducing DNA breaks or stalled DNA replication, we hypothesized that its induction of ATM--ATR activity was not caused by a DNA stress response. Consistent with the enhanced phosphorylation of multiple signaling molecules in the ATM--ATR checkpoint pathways, we observed S-phase cell cycle arrest in SPIR-treated HCT116 cells ([Fig. 8 A](#fig8){ref-type="fig"}). However, this cell cycle arrest was associated with a moderate decrease in DNA breakage rather than an increase, as shown in comet assays ([Fig. 8 B](#fig8){ref-type="fig"}), indicating that SPIR is not genotoxic. The induction of the ATM--ATR pathways and NKG2DL expression by SPIR requires RXRγ activation, as knockdown of RXRγ in HCT116 cells diminished the SPIR-induced phosphorylation of ATM, ATR ([Fig. 8 C](#fig8){ref-type="fig"}), Chk1 ([Fig. 8 D](#fig8){ref-type="fig"}), Chk2, and H2A.X ([Fig. 8 E](#fig8){ref-type="fig"}), resulting in less ULBP2 expression.

![**SPIR does not induce DNA damage, and its activation of the ATM--ATR pathway requires the activation of RXRγ.** (A) Cell cycle analysis of HCT116 cells after DMSO or SPIR treatment for 24 h was performed by staining the cells with propidium iodide and EdU-Alexa Fluor 647. Data shown are representative of three independent experiments. (B) DNA damage in HCT116 cells after treatment with SPIR (56 µM for 24 h), etoposide (20 µM for 24 h), or UV exposure (4 h) was analyzed by performing comet assays (*n* = 3). (C) HCT116 cells were transfected with control-KD or RXRγ-KD1 siRNA on day 0. Transfected cells were treated with DMSO or SPIR (56 µM) on day 2. Total cell lysates were collected 6 h after the drug treatment for Western blot analysis to detect phosphorylated ATM and ATR, or 24 h after the drug treatment for ELISA to detect phosphorylated Chk1 (D), and for Western blot analysis to detect ULBP2 expression and phosphorylated Chk2 and H2A.X (E). Data shown are representative of three independent experiments. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.0001.](JEM_20122292_Fig8){#fig8}

SPIR suppresses motility and invasiveness of tumor cells
--------------------------------------------------------

We next attempted to identify other genes that may be regulated by SPIR in tumor cells. We performed a microarray analysis to compare gene expression between treated and untreated HCT116 and CAL27 cells. Selected gene candidates were then confirmed by qRT-PCR analysis. SPIR significantly up-regulated mRNA expression of two metastasis-suppressor genes, *TIMP2* and *TIMP3* ([@bib1]; [@bib31]) in CAL27 and all the colon cancer cell lines ([Fig. 9 A](#fig9){ref-type="fig"} and not depicted). ELISAs revealed corresponding increases in TIMP2 and TIMP3 in HCT116 culture supernatant ([Fig. 9 B](#fig9){ref-type="fig"}). The SPIR-induced expression of TIMPs, however, was independent of the ATM--ATR checkpoint pathways. We performed gene knockdown of ATM or ATR in HCT116 cells and confirmed that the reduction of ATM or ATR expression did not affect the SPIR up-regulation of TIMP2 and TIMP3 as determined by qRT-PCR analysis (unpublished data).

![**SPIR inhibits tumor metastasis.** (A) qRT-PCR was performed to analyze the mRNA expression of TIMP2 and TIMP3 in HCT116, HT29, and CAL27 cells treated with DMSO or SPIR (56 µM) for 3 d (*n* = 3). (B) The protein level of TIMP2 and TIMP3 in the culture supernatant of HCT116 cells treated for 3 d with DMSO or SPIR (56 µM) was detected by ELISA (*n* = 3). (C) ECM invasion assays were performed by culturing HCT116, HT29, and CAL27 cells on ECM-coated Transwell membranes with DMSO or SPIR. The number of cells that invaded the ECM was determined after 24 h. Data are expressed as percentage change in tumor invasion relative to that of DMSO-treated cells (*n* = 3). (D) Wound healing by DMSO- and SPIR-treated HCT116, HT29, and CAL27 cells was compared. Data are calculated as the percentage of change in distance of migration relative to that of DMSO-treated cells (*n* = 3). (E) NSG mice (*n* = 8) given subcutaneous injections (day 0) of luciferase-expressing HT29 cells (10^7^) were treated with PBS or SPIR (1.25 mg; intraperitoneally) twice a week for 3 wk. Tumor xenografts and lung metastases were detected by bioluminescence imaging on day 25. Data are shown as the mean total flux (photons/second) ± SD (*n* = 8). (F) The lung metastases (arrows) were confirmed by examining lung tissue sections. \*, P ≤ 0.05; \*\*, P \< 0.01; \*\*\*, P ≤ 0.005; \*\*\*\*, P \< 0.0001.](JEM_20122292_Fig9){#fig9}

We then examined the antimetastatic potential of SPIR with HCT116, HT29, and CAL27 cells. We observed that SPIR significantly suppressed invasion of the cell lines through extracellular matrix (ECM)-coated membranes in transwell assays ([Fig. 9 C](#fig9){ref-type="fig"}) and delayed cell migration in wound-healing assays ([Fig. 9 D](#fig9){ref-type="fig"}).

HT29 cells injected subcutaneously into mice are known to metastasize naturally to the lungs ([@bib27]). In an in vivo metastasis model, bioluminescence imaging ([Fig. 9 E](#fig9){ref-type="fig"}) and lung tissue sectioning ([Fig. 9 F](#fig9){ref-type="fig"}) revealed a significant reduction of lung metastasis in NSG mice bearing HT29 xenografts and receiving intraperitoneal injections of SPIR twice a week for 3 wk.

The antimetastatic effect of SPIR is independent of MR but requires the activation of RXRγ
------------------------------------------------------------------------------------------

To test whether the antimetastatic effect of SPIR depended on the MR pathway, we compared the expression of TIMP2 in HCT116 cells treated with SPIR, canrenone, or eplerenone. As shown in [Fig. 10 A](#fig10){ref-type="fig"}, neither canrenone nor eplerenone up-regulated TIMP2 expression. Moreover, treating HCT116 cells with these alternative MR antagonists did not reproduce the suppressive effect of SPIR on cell invasion in ECM-coated trans-well assays and cell migration in wound-healing assays (unpublished data), suggesting that SPIR did not modulate tumor metastasis through MR signaling.

![**The antimetastatic effect of SPIR is independent of MR but requires the activation of RXRγ.** (A) TIMP2 mRNA expression was compared by qRT-PCR on HCT116 cells treated with DMSO, SPIR, canrenone, or eplerenone for 3 d (*n* = 3). (B) HCT116 cells were transfected with control KD or RXRγ-KD1 siRNA on day 0. The cells were treated with DMSO or SPIR (56 µM) on day 2. The mRNA expression of TIMP2 and TIMP3 was analyzed by qRT-PCR on day 5. Data are shown as relative mRNA fold change of SPIR-treated RXRγ-KD1 cells to control KD cells (*n* = 3). (C) HCT116 cells were transfected with control KD or RXRγ-KD1 siRNA on day 0. Wound healing assay on the cells treated with DMSO or SPIR (56 µM) was performed on day 2. Data are calculated as the percentage change in distance of migration relative to that of DMSO-treated cells (*n* = 3). (D) HCT116 cells were transfected with control KD, RXRγ-KD1, TIMP2-KD or TIMP3-KD siRNA on day 0. Transfected cells were cultured on ECM-coated Transwell membranes with DMSO or SPIR on day 2. The number of cells that invaded the ECM was determined after 36 h. Data are expressed as percentage change in tumor invasion relative to that of DMSO-treated cells (*n* = 3). (E) HCT116 cells were transfected with control-KD, TIMP2-KD, or TIMP3-KD siRNA on day 0. Wound healing assay on the cells treated with DMSO or SPIR (56 µM) was performed on day 2 (*n* = 3). (F) Luciferase-expressing HCT116 cells were transfected with either control-KD or RXRγ-KD1 siRNA on Day 0. The transfected cells were collected on the next day to inject (5 × 10^5^ cells/mouse) intrasplenically into 8--10-wk-old NSG mice (*n* = 8 per group). SPIR (1.25 mg/mouse) or PBS was intraperitoneally injected into the mice (*n* = 4 per group) every other day for three times. Hepatic metastasis was analyzed by performing bioluminescence imaging on day 10. \*, P \< 0.05; \*\*, P \< 0.005; \*\*\*, P \< 0.0001.](JEM_20122292_Fig10){#fig10}

In contrast, specific knockdown of RXRγ in HCT116 cells not only significantly reduced the effect of SPIR on the up-regulation of TIMP2 and TIMP3 ([Fig. 10 B](#fig10){ref-type="fig"}), but also completely abolished the drug effect on suppressing cell migration in wound-healing assays ([Fig. 10 C](#fig10){ref-type="fig"}) and cell invasion in ECM-coated trans-well assays ([Fig. 10 D](#fig10){ref-type="fig"}). Knockdown of TIMP2 or TIMP3 directly produced effects similar to those of RXRγ-KD on cell invasion ([Fig. 10 D](#fig10){ref-type="fig"}) but had no effects on cell migration ([Fig. 10 E](#fig10){ref-type="fig"}). These results suggest that RXRγ is essential in both SPIR-mediated suppression of cell invasion and migration and that its role in SPIR-mediated up-regulation of TIMP2 and TIMP3 correlated with the inhibition of cell invasion.

In a liver metastasis model ([@bib24]) in which HCT116 cells were implanted into the spleen of 8-wk-old NSG mice, SPIR treatment (intraperitoneal injection every other day for 10 d) significantly suppressed tumor metastasis ([Fig. 10 F](#fig10){ref-type="fig"}). The antimetastatic effect of SPIR was dramatically reduced when RXRγ was knocked down in HCT116 cells before intrasplenic injection. These results suggest that RXRγ is essential for the antimetastatic effect of SPIR.

DISCUSSION
==========

NK cells are being increasingly considered in immunotherapy for cancers, including colorectal cancer ([@bib30]). Although most studies have focused on extrinsic conditions to optimize missing self-recognition and to activate NK cells ([@bib18]; [@bib11]; [@bib42]), great efforts are underway to identify new drug candidates that enhance intrinsic tumor sensitivity to immunotherapy with minimal side effects ([@bib4]). To this end, we performed a high-throughput screening of a bioactive compound library and found that SPIR could up-regulate NKG2DL expression in multiple colorectal carcinoma cell lines, thereby enhancing tumor susceptibility to NK cell cytotoxicity.

Although our findings showed a general increase in both mRNA and protein levels of NKG2DLs in SPIR-treated cells, the level of mRNA transcript increase (e.g., MICB in some cell lines such as HT29) may not always correlate with an increase in NKG2DL protein expression on the cell surface. The reason is that cell surface expression of NKG2DLs has been shown to be regulated by various posttranscriptional controls such as ligand shedding and intracellular retention ([@bib58]; [@bib17]). In this regard, we have observed that NKG2DLs may undergo diverse protein maturation processes in different cell lines that significantly affect protein stability and cell surface expression independent of gene transcription (unpublished data).

[@bib19] found that genotoxic stress such as ionizing radiation and treatment with inhibitors of DNA replication could up-regulate various NKG2DL expressions in both mouse and human tumor cells through the activation of ATM--ATR signaling pathways. In response to DNA damage, ATM primarily activates Chk2 (when there are DNA double-strand breaks), whereas ATR mainly activates Chk1 (responding to stalled DNA replication fork caused by bulky DNA lesions; [@bib28]; [@bib6]; [@bib48]). Depending on the nature of treatment, NKG2DL up-regulation can be solely dependent on ATM or ATR, or it can require both ([@bib19]; [@bib56]). In our colon cancer experiments, SPIR activated both ATM--Chk2 and ATR--Chk1 pathways, but its specific effect in NKG2DLs was primarily through the activation of the ATM--Chk2 pathway.

The SPIR effect is independent of DNA damage, as SPIR has been used widely in the clinic without evidence of inducing DNA breaks or stalled DNA replication. In fact, recent studies have shown the potential of SPIR to prevent DNA and chromosomal damage caused by aldosterone ([@bib45],[@bib46]). Furthermore, there are studies showing that ATM activation can be induced by nongenotoxic events, such as oxidative stress, heat shock, and microtubule depolymerization ([@bib47]; [@bib26]; [@bib22]), or by chromatin modification independent of DNA damage ([@bib5]; [@bib23]; [@bib29]; [@bib44]). In this regard, RXRs have been shown to play an essential role in chromatin remodeling, i.e., chromatin decondensation in association with other early transcription regulators such as Stat5a and C/EBPβ to establish transcription factor "hotspots," which in turn recruit other transcription factors to promote gene transcription ([@bib14]; [@bib49]; [@bib16]). Moreover, treatments such as sodium valproate that modify chromatin to a more open structure have been shown to enhance NKG2DL expression ([@bib3]). Accordingly, we hypothesize that SPIR activates RXRγ, which initiates chromatin remodeling, resulting in DNA damage--independent activation of the ATM--Chk2 DNA repair checkpoint pathway that enhances NKG2DL expression. The chromatin decondensation and the establishment of transcription factor hotspots induced by activated RXRγ may facilitate not only NKG2DLs, but also the expression of metastasis suppressor genes such as TIMP2 and TIMP3, which ultimately enhance tumor susceptibility to NK cell cytolysis and inhibit tumor metastasis. Validation of this hypothesis is required to make a more definitive conclusion.

The RXR family consists of three members: RXRα, RXRβ, and RXRγ ([@bib12]). Various naturally occurring and synthetic retinoids have been identified as RXR ligands. However, due to the observation of numerous side effects upon short- and long-term administration (partly because of their ability to activate multiple RXR members), the systemic use of these agents has been limited to cancer treatment ([@bib7]). Therefore, identification and development of novel, receptor subtype--specific compounds are critical to improve the therapeutic potential of RXR agonists. In this study, we showed that SPIR can up-regulate NKG2DLs specifically via RXRγ. Alternatively, specific siRNA knockdown of RXRα (but not RXRβ or RXRγ) can also enhanced the expression of NKG2DLs without any drug treatment ([Fig. 6, C and D](#fig6){ref-type="fig"}). Treating HCT116 cells with 9-cis-RA, an agonist that can broadly bind to all members of RXR families, could not induce the up-regulation of NKG2DL expression, suggesting that the negative signaling through RXRα override the positive effect via RXRγ. Collectively, these data underscore the importance of further investigations into the complex interplay among RXR family members in the regulation of NKG2DL expression.

SPIR has been commonly used to treat hypertension and edema and has a good long-term safety record. In the screening phase, we confirmed that it was safe in mice and observed no detrimental effect on the viability or NKG2DL expression of normal human lymphocytes (unpublished data), suggesting that SPIR could act as a safe and effective RXRγ-specific modulator in colon cancer therapy. Furthermore, we showed the potential of SPIR in colon cancer prevention in vivo ([Fig. 3 G](#fig3){ref-type="fig"} and [Fig. 4 A](#fig4){ref-type="fig"}). Treatment with SPIR for 2--12 wk successfully achieved a drug level that could prevent colon cancer development in both the NSG and APC mouse model.

Tumor metastasis has been associated with poor prognosis and a low survival rate in colorectal cancer patients ([@bib37]; [@bib9]). In this study, we provide strong evidence that administration of SPIR significantly inhibited colon cancer metastasis that was associated with increased expression of TIMP2 and TIMP3. TIMPs are endogenous protein inhibitors that suppress the activities of matrix metalloproteinases (MMPs; [@bib8]), and therefore play a pivotal role in regulating ECM degradation, an essential step in tumor invasion ([@bib57]). The clinical significance of TIMP expression in suppressing metastasis of various types of cancer has been widely reported ([@bib41]; [@bib50]). Recent studies of gene polymorphisms in *TIMP2* and *TIMP3* further revealed their associations with tumorigenesis and the cancer survival rate ([@bib36]; [@bib33],[@bib34]). It has been reported that increased expression of MMP-1 correlates with poor prognosis and metastasis in colon cancer ([@bib37]; [@bib55]). Blockade of its enzyme activity or gene expression has been shown to inhibit tumor development and metastasis in mouse models ([@bib40]). In line with these results, we observed a dramatic decrease of MMP-1 activity (unpublished data) in the culture supernatant from HT29 and CAL27 cells upon SPIR treatment, possibly because of the increased expression of TIMP2 and TIMP3. [@bib39] reported that activation of RXRγ together with PPAR inhibits tumor invasiveness in association with an increase of TIMP2 expression in colon cancer cells. These results corroborate our observation that SPIR suppresses tumor metastasis by increasing the expression of TIMP2 and TIMP3 through the activation of RXRγ.

In summary, this is the first study showing a novel RXRγ pathway linking tumor cell--intrinsic NK cell immunosurveillance and metastasis control. Specifically, SPIR is a potent anticancer agent that favorably regulates NKG2DL and metastasis-suppressor gene expression, enhancing tumor susceptibility to NK cell cytotoxicity and inhibiting metastasis. The drug's effects were not restricted to colon cancer, being observed also in head and neck, prostate, liver, and smooth muscle cancer cells. Our data provide strong evidence to support further investigations of SPIR and other RXRγ agonists in cancer treatment and prevention, and encourage the development of novel SPIR analogues that possess excellent anticancer activity without the side effect of MR inhibition.

MATERIALS AND METHODS
=====================

### Statement.

The Institutional Animal Care and Use Committee of St. Jude Children's Research Hospital approved all animal protocols.

### Cell lines, mouse strains, antibodies, and reagents.

CAL27, HCT116, HT29, HCT15, SW480, COLO201, LS174T, HepG2, DU145, and RD cell lines were obtained from American Type Culture Collection (ATCC). The NKL cell line was a gift from J.L. Strominger (Harvard University, Cambridge, MA); the YT-INDY cell line was a generous gift from Z. Brahmi (Indiana University, Indianapolis, IN), and the anti-ULBP3 (M550) antibody was a gift from Amgen. NSG and C57BL/6J-*Apc^Min^*/J mice were obtained from The Jackson Laboratory. Anti-ULBP1 (AUMO2) and anti-ULBP2 (BUMO1; as capture antibody for ELISA) antibodies were purchased from BAMOMAB; allophycocyanin-conjugated anti-ULBP2, anti-MICA, and anti-MICB, blocking antibodies anti-NKG2D (clone 149810) and anti-NKp30, anti-ULBP2 (IgG2a as detection antibody for ELISA), anti-Chk1 and goat anti-ULBP2 (for Western blot), and human NKG2D-Fc (for flow cytometry) were purchased from R&D Systems; allophycocyanin-conjugated anti--mouse IgG antibody and HRP-conjugate goat anti--mouse IgG2a were from Jackson ImmunoResearch Laboratories; allophycocyanin-conjugated mouse anti--human IgG (Fc) were purchased from Southern Biotech; anti-MR (N-17) antibody were obtained from Santa Cruz Biotechnology, Inc.; anti-ATM, anti-ATR, anti--P-ATR, anti--P-Chk2, and anti--γ-H2A.X antibodies were purchased from Cell Signaling Technology; anti-tubulin (DM1A+DM1B), anti-H2A.X, anti-Chk2, and anti-ATM(Phospho-S1981; EP1890Y) antibodies were purchased from Abcam; SPIR, eplerenone, and caffeine were obtained from Sigma-Aldrich; canrenone, HX531, and KU55933 from TOCRIS Bioscience; wortmannin from InvivoGen; VE-821 from Selleckchem; human nuclear hormone receptor siRNA library and siRNAs targeting RXRγ (siRNA-ID: s200454, s200455, s200456, 251285, and 251287) were purchased from Life Technologies; the control knockdown and prevalidated siRNAs targeting Chk1 and Chk2 was purchased from Cell Signaling Technology; siRNA targeting histone H2A.X from QIAGEN; siRNA (siGENOME) targeting ATM, ATR, TIMP2, TIMP3, MICA, and ULBP3 were obtained from Thermo Fisher Scientific. qRT-PCR primers for mouse Raet1 family (QT01782564: pan-Raet1 primers detecting all members including Raet1a, Raet1b, Raet1c, Raet1d, and Raet1e) were purchased from QIAGEN.

### Flow cytometry.

Cell lines were stained with allophycocyanin-conjugated anti-MICA, anti-MICB, or anti-ULBP2 antibodies for 20 min at 4°C. For ULBP1 and ULBP3 staining, cells were first incubated with anti-ULBP1 and anti-ULBP3 antibodies, and then with allophycocyanin-conjugated goat anti--mouse IgG antibody. To analyze total NKG2DL cell surface expression, cells were first incubated with human NKG2D-Fc for 20 min at 4°C, and then with allophycocyanin-conjugated mouse anti--human IgG (Fc) antibody. Cells were washed and analyzed on a C6 flow cytometer (Accuri). Data were analyzed using FlowJo software (Tree Star).

### ULBP2 ELISA.

ULBP2 shed from cell surface to the culture supernatant was detected using ELISA, as previously described ([@bib58]). In brief, 100 µl (triplicate) of cultured supernatant was added into a 96-well plate precoated with 1 µg/ml of mouse anti-ULBP2 (BUMO1) and incubated at 4°C overnight. The plate was washed, and then incubated with mouse anti-ULBP2 (IgG2a; 100 µl/well at 1 µg/ml) for 1 h. followed by incubation with HRP-conjugated goat anti--mouse IgG2a for 1 h at room temperature. TMB substrate was added, and the plate was read using Victor^2^ plate reader (PerkinElmer).

### Cytotoxicity assay.

Cell lines treated for 5 d with DMSO, SPIR (56 µM), or other agents as indicated were subjected to BATDA release assays (PerkinElmer) according to the manufacturer's instructions. The results were calculated as follows: percentage of specific lysis = (experimental release − spontaneous release)/(maximum release − spontaneous release) × 100.

### Quantitative real-time PCR (qRT-PCR) assay and microarray analysis.

For qRT-PCR, total RNA was extracted from untreated or drug-treated tumor cells by using the RNA Clean & Concentrator (Zymo Research). All cDNA was generated by using the SuperScript VILO cDNA Synthesis kit (Life Technologies) and diluted 10-fold for analysis using the 7900HT Fast Real-time PCR System (Applied Biosystems). The data were calculated as the C~T~ of target genes normalized to the C~T~ of GAPDH of each sample. Primer sequences of the target genes are: MICA-F, 5′-CCTTGGCCATGAACGTCAGG-3′; MICA-R, 5'-CCTCTGAGGCCTCGCTGCG-3′; MICB-F, 5′-ACCTTGGCTATGAACGTCACA-3′; MICB-R, 5′-CCCTCTGAGACCTCGCTGCA-3′; ULBP1-F, 5′-ATCAGCGCCTCCTGTCCAC-3′; ULBP1-R, 5′-AAAGACAGTGTGTGTCGACCCAT-3′; ULBP2-F, 5′-AAATGTCACAACGGCCTG-3′; ULBP2-R, 5′-TGAGGGGTTCCTTGGG-3′; ULBP3-F, 5′-CGATTCTTCCGTACCTGCTATTCG-3′; ULBP3-R, 5′-ATTCTTCTGATCCACCTGGCTCT-3′; TIMP2-F, 5′-TCGGTCTGAAAGGTGTGGCCTTTA-3′; TIMP2-R, 5′-AGGTATTTGAGCGGCTTCCTCTGT-3′; TIMP3-F, 5′-TCCTGCTACTACCTGCCTTGCTTT-3′; TIMP3-R, 5′-AGCCAGGGTAACCGAAATTGGAGA-3′; GAPDH-F, 5′-ATGGGGAAGGTGAAGGTCG-3′; GAPDH-R, 5′-GGGGTCATTGATGGCAACAATA-3′. Microarray analysis was performed using the GeneChip U133 Plus 2.0 expression microarray (Affymetrix) on SPIR (56 µM) treated or untreated (DMSO) HCT116 and CAL27 cells (*n* = 2; Gene Expression Omnibus accession no. [GSE50010](GSE50010)). Differentially expressed transcripts were analyzed by ANOVA on Spotfire program.

### Generation of YT-INDY-NKG2D cells.

YT-INDY cells were transduced with lentiviral vector MSCV-DAP10-IRES-YFP followed by MSCV-NKG2D-IRES-GFP. GFP and YFP double-positive cells were sorted and the surface expression of NKG2D was analyzed by flow cytometry. In vitro validation had confirmed that YT-INDY-NKG2D could kill NKG2DL-expressing cells such as K562, Jurkat, and HCT116 cells, whereas the parental YT-INDY cells did not (unpublished data).

### Generation of HCT116-ΔNKG2DLs cells.

HCT116 cells were transduced with a CMV-driven puromycin-selective lentiviral vector derived from pLL3.7 that contained UL16 sequence (human herpesvirus 5 strain Towne; gene ID, 3077464). Previous studies have shown that UL16 viral proteins interact with various NKG2DLs that interrupt their surface expression ([@bib15]). We performed flow cytometry on the puromycin selected cells and we found that the surface expression of MICB, ULBP1, and ULBP2 was dramatically reduced. We next transfected the HCT116-UL16 cells with siRNAs targeting MICA and ULBP3 to lower the surface level of MICA and ULBP3 also before injecting the cells into NSG mice for in vivo studies.

### In vivo xenograft and metastasis model.

Luciferase-expressing HCT116 and HT29 cells were generated by lentiviral transduction of the cells with a CMV promoter--driven luciferase expression construct engineered from the pLL3.7 vector. For the HCT116 xenograft model, 10^6^ cells were subcutaneously injected into 8--10-wk-old NSG mice with or without effector cells (NKL, YT-INDY or YT-INDY-NKG2D cells) followed by the treatment of SPIR as described in [Fig. 10 F](#fig10){ref-type="fig"}. Bioluminescence imaging was performed in a Xenogen imaging system to monitor tumor growth, and the data were analyzed using Living Image software (PerkinElmer). For the lung metastasis model using HT29 cells, lungs were harvested for bioluminescence imaging, fixed in 10% neutral buffered formalin, paraffin embedded, sectioned, and stained with hematoxylin and eosin. A total of 6 lung sections at 100-µm intervals were collected for the observation of pulmonary nodules. For the hepatic metastasis model, 0.5 × 10^6^ of luciferase-expressing HCT116 cells were intrasplenically implanted into 6--8-wk-old NSG mice. Livers were harvested for bioluminescence imaging after SPIR treatment as described in [Fig. 10 F](#fig10){ref-type="fig"}.

### C57BL/6J-*Apc^Min^*/J mouse model.

By examining the intestines collected from different age groups of C57BL/6J-*APC^Min^*/J mice (*n* = 2--3 per group), we found that none of the 8-wk-old mice developed intestinal polyps. The mice started to develop polyps when they were 10--12 wk of age, and there were 15--25 intestinal adenomas established in the intestinal tracts of all the 4-mo-old mice. Most of the mice died at 5--6 mo, with 25--30 adenomas in their intestines. SPIR (1.25 mg/mouse) or PBS was intraperitoneally injected into 8-wk-old C57BL/6J-*Apc^Min^*/J mice twice a week for 3 mo. The number of intestinal polyps was counted, and the intestine was fixed in 10% neutral buffered formalin, paraffin embedded, sectioned, and stained with hematoxylin and eosin. Intestine sections at 100-µm intervals were collected for the observation of neoplasia without knowledge of treatment assignment.

### TIMP2 and TIMP3 ELISA.

Culture supernatant from 2 × 10^6^ cells treated for 3 d with DMSO or SPIR (56 µM) were collected to determine the protein level of secreted TIMP2 and TIMP3 by ELISA according to the manufacturer's instructions (R&D Systems).

### siRNA transfection.

For the transfection study, 2 × 10^5^ cells were transfected with 60 pmol of siRNA molecules using Lipofectamine RNAiMAX according to the manufacturer's instructions (Invitrogen).

### In vitro cell invasion assay.

The invasiveness of the tumor cells was determined by using the CytoSelect 96-well Cell Invasion Assay with Basement Membrane (Cell Biolabs) according to the manufacturer's instructions.

### Wound-healing assay.

Confluent cell layers of CAL27 and HT29 cells with a 500 ± 50 µm gap were formed by using Ibidi culture inserts (RPI Corp.). Gap distances were measured at various times using an Eclipse Ti inverted microscope and NIS-Elements software (Nikon).

### RXRγ reporter assay.

The Cignal RXR reporter assay system containing an RXRγ-responsive luciferase construct, which encodes the firefly luciferase reporter gene under the control of a minimal CMV promoter and tandem repeats of the RXRγ transcriptional response element, was purchased from QIAGEN. The experiment was performed in HCT116 cells according to the manufacturer's instructions.

### Phospho-Chk1 ELISA.

Ser-317 phosphorylation of Chk1 was determined by using the PathScan phosphor-Chk1 (Ser317) Sandwich ELISA kit (Cell Signaling Technology). Data were normalized to the total Chk1 levels obtained from an ELISA with anti-Chk1 (total) used as the detection antibody.

### Comet assay.

HCT116 cells treated with SPIR (56 µM) or etoposide (20 µM) for 24 h or exposed to UV irradiation for 2 h were assayed by using the OxiSelect comet assay kit (Cell Biolabs, Inc.). Experiments were performed according to the manufacturer's instructions.

### Online supplemental material.

Fig. S1 shows that SPIR-mediated NKG2DL up-regulation was independent of MR pathways. Table S1 summarizes the information of the colon cancer cell lines that we used in this study. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20122292/DC1>.
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